We report the observation of field emission from InP nanocrystals epitaxially grown on an array of p-Si nanotips. We prove that field emission can be enhanced by covering the InP nanocrystals with graphene. The measurements are performed inside a scanning electron microscope chamber with a nano-controlled W-thread used as an anode. We analyze the field emission by Fowler-Nordheim theory and find that the field enhancement factor increases monotonically with the spacing between the anode and the cathode. We also show that InP/p-Si junction has a rectifying behavior, while graphene on InP creates an ohmic contact. Understanding the fundamentals of such nanojunctions is key for applications in nanoelectronics.
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enabled by an electric field of the order of several kV/m. However, if the cathode surface has sharp wedges or protrusions, electrons may be extracted at a considerably lower applied field, because the lines of field converge at the sharp points or edges, and then the physical geometry provides a field enhancement. Several nanostructures have been characterized for their FE properties, like nanodiamonds, 5 carbon nanotubes (CNTs), [6] [7] [8] [9] [10] [11] [12] [13] graphene, [14] [15] [16] metallic nanowires and nanoparticles of Au, 17 Co, Ni, Cu, Rh, 18 GeSn 19 or semiconducting nanowires of Si, 20 ZnO, [21] [22] SiC, 23 GaN, 24 AlN, 25 Ge, 26 etc. To date, no dedicated studies on FE from InP nanocrystals (NCs) have been reported.
Indium phosphide is one of the most popular III-V compound semiconductors with high carrier mobility 27 and direct band gap 28 . Its properties make it of great interest for electronics and optoelectronics. Its availability in the form of NCs, with several edges and corners, can have high potentiality for FE application. Furthermore, since graphene (Gr) is at moment under consideration as promising efficient FE source, it is interesting to study its combined effect with InP-NCs. Graphene has many interesting properties, which can be proven to be useful in FE applications, such as high electron mobility, 29, 30 great electric current carrying capacity, 31 high thermal conductivity, 32 record mechanical strength, 33 resilience to high temperatures 34 and humidity, 35 structural flexibility, resistance to molecule diffusion and chemical stability. Due to its high aspect ratio (thickness to lateral size ratio), graphene has high potentiality for FE applications since a dramatically enhanced local electric field is expected at its edges and ripples, [36] [37] [38] [39] [40] [41] even though the fabrication of FE devices using graphene edges can be cumbersome. However, being flexible, graphene can be modelled on properly shaped surfaces. In this regards, simply transferring a graphene sheet on an array of epitaxially grown InP-NCs can offer a great geometry configuration for field emission, and simultaneously enhance the resilience of NCs to electrical current and environment chemical interactions.
In this work, we demonstrate that the presence of graphene enhances the FE properties of InP-NCs.
We ascribe the improvement to the higher conductivity of graphene as well as to the formation of additional ripples and edges on graphene laid on the InP-NCs array. Furthermore, the presence of the graphene sheet enhances the effective emitting area. We show also that InP/p-Si interface forms a rectifying junction, while graphene establishes an ohmic contact with InP.
We have fabricated and characterized two different devices. The first device consists of an array of InP-NCs, grown by gas-source molecular beam epitaxy on the top of Si-tips patterned on a p-type Si nm. 42 The second device was fabricated by transferring commercial CVD graphene from Cu substrates on an InP-NCs/Si-tips array on the same wafer, through a usual wet-transfer process.
Further fabrication details can be found in refs. [43] [44] [45] In the following, we name as "sample A" the InPNCs/Si-tips and as "sample B" the Gr/InP-NCs/Si-tips. Scanning electron microscopy (SEM) tiltedview images of the InP-NCs array and Gr/InP-NCs structure are shown in Fig This behavior is typical of FE current and can be analysed using FowlerNordheim (FN) theory, 46 which describes the emitted current with the following equation:
where S is the emitting surface area, ES is the local electric field on that surface,  is the work function of the emitting material and a and b are constants. When S is expressed in cm In Fig. 2(b) we display the evolution of The turn-on field, here defined as the applied field necessary to extract a current of 10 pA, is EON ≈ 100 V/m. We attribute the relatively high turn-on field to the very short thread-sample distance.
Indeed, for CNTs it has been shown that the turn-on field increases when the distance decreases. 48 However, the value of the turn-on field is significantly lower or comparable to what has been observed in similar experiments on graphene flakes, 14 carbon nanotubes buckypapers 13 or nanoparticles. 19 In the inset of Fig. 2(b) we show the FN-plot of "sweep 2" for sample B and, from the slope of the fit line, assuming  = 4.5 eV as the workfunction of Gr, 49 we extract  ≈ 35. Comparing the field enhancement factor for the samples A and B, estimated at similar distances, we can clearly conclude that graphene FE from InP nanoparticles. An analogous result was found by Zheng et al. 22 on a hybrid graphene-ZnO nanowires device where the addition of a graphene sheet improved the field enhancement factor. Since the parameter  depends on the aspect ratio and the spatial distribution of the emitters, they concluded that the pyramidal apices formed by graphene on ZnO nanowires can be sharper than those of ZnO tips, thus causing enhanced FE. In our case, as the graphene sheet on the InP-NCs/Si-tips array has ripples and voids (see Fig. 1(b) ), we believe that FE is enhanced also by graphene wrinkles and edges other than by the formation of sharper graphene apices on the InP-NCs. similarly to what has been reported for CNT emitters. 6, 48, 50 In Fig. 3(a Energy band diagram at equilibrium of the Gr/InP/p-Si heterostructure.
In conclusion, we have reported the observation of FE current from InP-NCs epitaxially grown on nanometer-sized Si-tips and proved that such current can be enhanced by graphene on the InP/p-Si heterostructure. We have shown that FE current follows the FN model over seven orders of magnitude. We also gave an estimation of relevant parameters as field enhancement factor and turn- 
